We analyze the relationship between four climate variables (maximum and minimum extreme temperatures, rainfall and snowfall) measured in winter (December to March) at 17 stations from 1950 to 2000 in the three hydroclimate regions of southern Quebec, and six seasonal climate indices using canonical correlation analysis (CCA) and the copula method. This analysis yielded these major results: (1) extreme temperatures are not correlated with the amount of winter rain or snow in southern Quebec; (2) winter seasonal climate indices show better correlations with climate variables than do fall climate indices; (3) winter extreme temperatures are best correlated (positive correlation) with the Atlantic Multidecadal Oscillation (AMO) in the eastern region, but show a negative correlation with the Arctic Oscillation (AO) in the southwestern region; (4) the total amount of winter snow is best correlated (negative correlation) with the Pacific Decadal Oscillation (PDO) in the three hydroclimate regions; (5) the total amount of winter rain is best (negatively) correlated with PDO in the eastern region, but shows a positive correlation with AO in the southeast region. Finally, the copula method revealed very little change in the dependence between climate indices and climate variables in the three hydroclimate regions.
Introduction
A number of studies have analyzed the relationship between climate indices and winter climate variables (temperature and precipitation) in Canada and Quebec . These studies raise five types of questions which have not been completely resolved:
• All these studies analyze temperature and precipitation (rain and snow) separately. However, it is not possible, using this approach, to determine whether the two climate variables are correlated with one another, on the one hand, and if they are correlated with the same climate indices, on the other hand. From a climate standpoint, this is important. In addition, if the two climate variables are correlated with the same climate indices, it is important to determine if this correlation changed over time dependently or independently of that of one or both climate variables. On that point, Brown [10] mentioned that, in Quebec, "evidence was founded for a shift in circulation around 1980 associated with an abrupt increase in sea level pressure (SLP) and decrease in winter precipitation, snow depth and annual maximum snow water equivalent over much of southern Québec". This type of change could potentially change the link between climate variables and climate indices over time.
• There is some debate over which climate index is the main influence on the temporal variability of winter temperature and precipitation (snow and rain) in Quebec. Some authors argue that the El Niño/Southern Oscillation (ENSO) is the main cause of this variability (e.g., [12] [13] [14] ), while others believe it is the North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) (e.g., [6, 10] ), the Pacific Decadal Oscillation (PDO) (Brown, 2010) or the Pacific/North American Oscillation (PNA) [21] .
•
There is also some debate about the choice of seasonal climate index type that best correlates with winter temperature and precipitation. While some authors use fall climate indices, others prefer winter climate indices.
While most of these studies have highlighted changes in stationarity (long-term trend, change in mean values) of temperature and precipitation series (e.g., [22] [23] [24] ), none has focused on the impacts of these changes in stationarity on the evolution of the dependence between climate indices and climate variables, an aspect of prime importance in the current climate change context.
In light of the foregoing, the present study has two goals: (1) to jointly correlate winter temperature and precipitation to climate indices using canonical correlation analysis to determine whether the two types of climate variables are correlated with the same climate indices; and (2) to analyze changes in this correlation over time using the copula method. These two aspects have never been analyzed in Quebec.
Methods

Choice and Location of Stations
This study was restricted to the period from 1950 to 2000 because very few measurements of climate variables at a large number of stations are available prior to 1950, and after 2000, climate variable measurements stopped at many stations as a result of budget cuts following program revisions by the Canadian government during the 1990s [25] . We selected every station for which temperature and precipitation measurements were taken for at least 40 years during the study period . Seventeen stations spread out nearly evenly throughout the southern part of the province of Quebec ( Figure 1 and Table 1 ) were selected. These stations were subdivided into three hydroclimate regions defined for southern Quebec using principle component analysis of hydroclimate variables (e.g., [26] ). These are the southeast and eastern region, primarily located on the south shore of the St. Lawrence River, and the southwestern region, located on the north shore. Temperature and precipitation (rain and snow) data were taken from [27] . These data are from Environment Canada's Canadian Daily Rehabilitated Database [28] [29] [30] . • There is some debate over which climate index is the main influence on the temporal variability of winter temperature and precipitation (snow and rain) in Quebec. Some authors argue that the El Niño/Southern Oscillation (ENSO) is the main cause of this variability (e.g., [12] [13] [14] ), while others believe it is the North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) (e.g., [6, 10] ), the Pacific Decadal Oscillation (PDO) (Brown, 2010) or the Pacific/North American Oscillation (PNA) [21] .
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Methods
Choice and Location of Stations
This study was restricted to the period from 1950 to 2000 because very few measurements of climate variables at a large number of stations are available prior to 1950, and after 2000, climate variable measurements stopped at many stations as a result of budget cuts following program revisions by the Canadian government during the 1990s [25] . We selected every station for which temperature and precipitation measurements were taken for at least 40 years during the study period . Seventeen stations spread out nearly evenly throughout the southern part of the province of Quebec ( Figure 1 and Table 1 ) were selected. These stations were subdivided into three hydroclimate regions defined for southern Quebec using principle component analysis of hydroclimate variables (e.g., [26] ). These are the southeast and eastern region, primarily located on the south shore of the St. Lawrence River, and the southwestern region, located on the north shore. Temperature and precipitation (rain and snow) data were taken from [27] . These data are from Environment Canada's Canadian Daily Rehabilitated Database [28] [29] [30] . Six climate indices were selected that have been shown to influence the spatial and temporal variability of temperature and precipitation in Quebec in particular, and North America in general (e.g., [5, 6, 10, 12] . These are the Atlantic Multidecadal Oscillation (AMO), the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO), the Pacific Decadal Oscillation (PDO), the Pacific/North American Oscillation (PNA) and the Southern Oscillation (SOI). Data for these indices were taken from [31] .
Statistical Analysis
Variable (Temperature and Precipitation) and Climate Index Series
Two temperature series were assembled, namely, daily extreme maximum and minimum temperatures. These two series consist respectively of mean values of daily maximum (Tmax) and minimum (Tmin) temperatures measured from December to March during the period from 1950 to 2000. Two precipitation series were also assembled: a rainfall series and a snowfall series. Both series are comprised of the total daily sum, respectively, of rainfall (TRN) and snowfall (TSN) measured from December to March during the period from 1950 to 2000. It should be mentioned that, in southern Quebec, depending on the region, winter starts in December and ends in March.
Fours series were assembled for each climate index, including two for fall and two for winter. For fall, the first series consists of monthly means for the months of October to December (OND), and the second series, of monthly means for the months of September to December (SOND). For winter, the first series consists of monthly means for the months of January to March (JFM), and the second series, of monthly means for the months of December to March (DJFM). We used the two types of climate index series in order to compare our results with those of previous works which mostly used quarterly means, on the one hand, and because of the fact that the precipitation totals and mean values of temperature that we analyzed were calculated over four-month periods, on the other hand.
Canonical Analysis
Canonical correlation analysis (CCA) is widely used in climatology and hydrology to explore the links between two sets of variables (e.g., [32] ). This method, which is extensively described in the literature (e.g., [33] ), is generally used for large data matrices (>100). In our study, the maximum number of years for which climate variables have been measured is 51, which statistically does not lend itself to canonical multivariate analysis. To get around this technical problem, we grouped all stations from a given hydroclimate region into a single matrix. Thus, for each hydroclimate region, canonical analysis was applied to a matrix for which the number of rows is the product of the number of stations in the region and the number of years of climate variable measurement at each station, and the number of columns is the sum of the five climate variables and six climate indices (11 columns in total). The main advantage of this approach is that it allows simultaneous correlation of multiple climate indices with multiple climate variables measured at different stations. In addition, the analysis of stations with differing numbers of years of observations is also possible. This is what makes this study novel. As a result, there is no loss of information that would otherwise result from grouping stations in homogeneous climate regions, a commonly used approach in climatology to analyze the temporal variability of climate variables. In addition, with the temporal approach, it is possible to include stations for which data for some years are missing, thus optimizing the use of available measurement data for the different stations. Finally, unlike the regionalization approach, the temporal approach can be used to analyze simultaneously multiple climate variables. It should be recalled that canonical analysis is used to relate a group of dependent variables Y (in the present case, five climate variables) and a group of independent variables X (in the present case, six climate indices). These two groups will be replaced, respectively, by new canonical variables V and W. Correlations will be derived between the new canonical variables on one hand, and the original variables and new canonical variables of each group, on the other hand. Data analysis was carried out using the Statistical Analysis System (SAS, version 9) software.
Copula Analysis
The copula analysis is used to constrain the evolution of the dependence between two variables. Some variables may show changes in mean or variance over time (change in stationarity). This type of change may have a significant effect on the dependence between two variables over time. However, studies in the literature based on the correlation between climate variables and climate indices never take into account the possible impact of this type of change on the dependence between variables. In the present study, the copula method was used to analyze potential changes that may have occurred over time in the dependence between climate indices and climate variables. The use of this method in climatology remains very limited [22] .
The dependence in a random vector (X, Y) is contained in its corresponding copula function C. Specifically, the celebrated theorem of Sklar ensures that there exists a unique C:
Quessy et al. [34] developed a testing procedure to identify a change in the copula (i.e., dependence structure) of a bivariate series (X 1 , Y 1 ), ..., (X n , Y n ). In our study, X represents one of the six climate indices, and Y, one of the four climate variables significantly correlated with climate index X. The idea is based on Kendall's tau, which is a nonparametric measure of dependence. LetT 1:T be Kendall's tau measured for the first T observations andT T+1:n be Kendall's tau for the remaining n − T observations. The proposed test statistic is
i.e., a maximum weighted difference between the Kendall's tau. Since M n depends on the unknown distribution of the observations, the so-called multiplier re-sampling method is used for the computation of p-values. Specifically, for n sufficiently large (n > 50), this method yields independent
Then, a valid p-value for the test is given by the proportion of M
n 's larger than M n . For more details, see Quessy et al. [34] . Usually, one can expect that the series X 1 , . . . , X n and Y 1 , . . . , Y n are subject to changes in the mean and/or variance following, e.g., the smooth-change model [35] . If such changes are detected, the series must be stabilized in order to have (approximately) constant means and variances. Finally, a change in the degree of dependence between two series is statistically significant when M n > Vc, where Vc is the critical value derived from observational data. This method was applied to constrain changes in dependence between those climate indices best correlated with temperature and winter precipitation at each station in the three hydroclimate regions. Data analysis was carried out using a statistical program developed in Matlab (version R2014) by the Université du Québec à Trois-Rivières statistics laboratory.
Results
Relationship between Variables and Indices Climatic
Canonical coefficient values derived from data matrices using fall and winter climate indices are compared in Table 2 . Results for quarterly fall indices (SON) are similar to those for seasonal fall indices (SOND, calculated over four months) presented in Table 2 , and the same is true for winter climate indices. For this reason, only results for the SOND and DJFM indices are presented. It can be seen from Table 2 that canonical coefficient of correlation values (r) calculated with winter indices are generally higher than those calculated with fall indices in the three hydroclimate regions, implying that winter indices are better correlated with the four climate variables than fall indices. In addition, in the three hydroclimate regions, the number of statistically significant canonical axes is higher for winter than for fall. From a statistical as well as a climate standpoint (data interpretation), results obtained with winter climate indices appear more interesting than those obtained with fall climate indices. Finally, the number of statistically significant canonical axes varies between regions for winter climate indices. In the eastern hydroclimate region, only the first two axes are statistically significant at the 5% level, while three and four axes are significant, respectively, for the southeast and southwestern regions. For the southeast region, however, the last axis is statistically significant at the 10% level. The two types of seasonal indices lead to the same results in terms of the relationships between climate variables and climate indices. Due to these similar results, we only interpret results derived with winter climate indices in order to limit the number of tables to analyze and any redundancy in the results. The structure coefficients derived using fall and winter climate indices are shown in Table 3 (climatic variables) and 4 (climatic indices) for the three hydroclimate regions.
For the eastern region (Tables 3 and 4) , only the first two canonical axes are statistically significant (see Table 2 ). It follows that V1 and V2 on one hand, and W1 and W2 on the other hand, are statistically significant canonical variables. V1 is positively correlated with maximum and minimum temperatures and V2 is correlated, albeit moderately, to precipitation (snow and rain). For the canonical variables extracted from the climate index data matrix, W1 is positively correlated with AMO, but negatively correlated with AO. W2 is negatively correlated with PDO. Since V1 is correlated with W1 and V2 is correlated with W2, it follows that maximum and minimum temperatures are positively correlated with AMO and, to a lesser extent, negatively correlated with AO. Precipitation is positively correlated with PDO. In the southeast region (Tables 3 and 4) , the first three canonical axes are statistically significant (see Table 2 ). It can be seen from Table 4 that V1 is positively correlated with maximum and minimum temperatures and V2 is negatively correlated with rainfall. The amount of snow is correlated with V4, the canonical axis of which is significant at the 10% level. While the W1 canonical variable is not significantly correlated with any climate index, W2 is negatively correlated with AMO. The last canonical variable, W3, is not correlated with any of the climate indices. W4 is positively correlated with PDO. Unlike the previous hydroclimate region, temperatures in the southeast region are not correlated with any climate index.
In the southwest region (Tables 3 and 4) , V1 is positively correlated with maximum temperature, V2 and V3 are negatively correlated, respectively, with the amounts of snow and rainfall, and V4 is positively correlated with minimum temperature. W1 is not significantly correlated with any climate index. In contrast, W2 is positively correlated with PDO and PNA, but negatively correlated with SOI. W1 and W3 are not correlated with any climate index. W4 is negatively correlated with AO. Therefore, the total amount of winter snow is strongly correlated with PDO, and minimum temperature is correlated with AO. The other two climate variables are not correlated with any climate index. Table 5 presents a summary of canonical correlation analysis results. This analysis reveals that PDO is the only climate index that influences the amount of winter snow in the three hydroclimate regions. Temperatures and amount of rain are correlated with different climate indices depending on the region. 
Analysis of the Evolution of the Dependence between Climate Indices and Climate Variables
Copula method results are shown in Tables 6-9 as well as in Figures 2-4 . The correlation between climate variables and climate indices changed very little over time at the scale of Quebec during the period from 1950 to 2000. As far as maximum temperatures are concerned, no change is observed over time in the relationship between this climate variable and climate indices for any of the three hydroclimate regions (Tables 6-8) . For minimum temperatures, a shift is observed only at the Mont-Joli station located in the eastern hydroclimate region ( Table 6 ). The maximum value of M n exceeded that of V c in 1967 (Figure 2) . In fact, after that year, the correlation between minimum temperatures and the AMO index increased significantly at that station (Table 9 ). In the other two hydroclimate regions, no change in the relationship between minimum temperatures and climate indices is observed at any of the stations (Tables 7 and 8 ). As far as the total amount of rainfall is concerned, a shift in the relationship between it and the PDO index is observed at the Trois-Pistoles station (Table 6) , and between it and the AO index, at the Saint-Malo station (Table 7) . These shifts occurred in 1978 and 1992, respectively, at the Trois-Pistoles (Table 9 ) and Saint-Malo d'Auckland ( Figure 3 and Table 9 ) stations, and they also resulted in an increase in coefficient of correlation values (absolute values) at both stations. As far as the total amount of snow is concerned, a shift in the relationship between this climate variable and the PDO index is only observed at the Bagotville station ( Table 6 ). The correlation between these two variables was positive before 1970, but became negative after that year ( Figure 4 and Table 9 ). Finally, in the southwest region, no change is observed in the dependence between climate indices and climate variables. 
Discussion and Conclusions
Canonical correlation analysis (CCA) was used to analyze simultaneously the correlation between winter temperature and precipitation (climate variables) on one hand, and their correlation with six climate indices, on the other. The first original contribution of this study is the use of the CCA method to simultaneously analyze the correlation between temperature, precipitation and climate indices measured at multiple stations over all the years of measurement. In this way, no information is lost by first grouping the stations (through principal component analysis or hierarchical classification, for instance) into homogeneous climate regions. The second original contribution of the study is the use of the copula method to constrain changes in dependence between climate indices and climate variables over time. Results obtained using these two methods contribute to a better understanding of controversial issues relating to winter climate patterns in southern Quebec. The study yielded the following notable results. 
Canonical correlation analysis (CCA) was used to analyze simultaneously the correlation between winter temperature and precipitation (climate variables) on one hand, and their correlation with six climate indices, on the other. The first original contribution of this study is the use of the CCA method to simultaneously analyze the correlation between temperature, precipitation and climate indices measured at multiple stations over all the years of measurement. In this way, no information is lost by first grouping the stations (through principal component analysis or hierarchical classification, for instance) into homogeneous climate regions. The second original contribution of the study is the use of the copula method to constrain changes in dependence between climate indices and climate variables over time. Results obtained using these two methods contribute to a better understanding of controversial issues relating to winter climate patterns in southern Quebec. The study yielded the following notable results.
As regards the selection of seasonal climate indices that are best correlated with climate variables, canonical analysis showed that winter climate indices are better correlated with winter temperature and precipitation in the three hydroclimate regions in southern Quebec. Thus, winter indices yielded generally higher canonical correlation coefficients and a larger number of statistically significant canonical axes then fall climate indices. Other authors have already shown that winter NAO indices show a better correlation with winter temperatures and precipitation in Quebec, among other places (e.g., [6, 10, 12] ). In a climate perspective, winter climate conditions are therefore primarily influenced by winter climate indices.
As regards the relationship between the various climate variables (temperature and precipitation), the study shows that there is no statistically significant correlation between winter temperature and precipitation in Quebec. Thus, maximum and minimum temperatures correlated with one another are not correlated with the amount of rain or snow. A commonly accepted assumption is that increasing winter temperature induces a decrease in the amount of snow and a concomitant increase in the amount of rain in winter. However, the link between temperature and amount of precipitation is not as simple as commonly suggested. From a climate standpoint, the amount of snow or rain in winter does not depend exclusively on air temperature variability. Three other factors are also important: the amount of water vapor available in the atmosphere, the frequency and magnitude of convective movements, and the frequency and persistence of cold and warm air masses. In Quebec, winter rainfalls are associated with the presence of warm and humid air masses coming from the United States and/or the Atlantic Ocean. However, the amount of rain produced by these warm and humid air masses during a given season depends primarily on their frequency in the region and the amount of water vapor they contain. Hence, although it has been shown that winter temperatures in Quebec are on the rise, this warming does not necessarily lead to higher rainfall in winter, because this temperature increase affects minimum nighttime temperatures much more strongly than it does maximum daytime temperatures [23] . In winter, although minimum temperatures are increasing, they still most commonly fall below 0 • C, which precludes an increase in the amount or frequency of precipitation as rain during winter in Quebec. Finally, the impact of this nighttime warming on the increased frequency of warm and humid air masses that produce rain has yet to be demonstrated in Quebec. The amount of snow in winter in Quebec primarily depends, for its part, on the frequency of cold fronts associated with cyclogenesis (polar front). However, this frequency is independent of the nighttime warming observed in Quebec as such, because these fronts are part of larger regional and global scale air mass patterns. This may account for the absence of any significant relationship between temperature and amount of snow in Quebec.
As regards the link between climate variables (temperature and precipitation) and climate indices, the study reveals that temperature and precipitation during winter in Quebec are not correlated with the same climate indices. In other words, they are not affected by the same climate factors, which may in part account for the absence of correlation observed between the two climate variables. For temperature, CCA showed that maximum and minimum temperatures are best positively correlated with AMO only in the eastern region, which has a maritime-like climate. In the southeast region, temperatures are not correlated with any climate index, while in the southwest region, only minimum temperatures show a better negative correlation with AO. It should be recalled that the impacts of these two climate indices on temperature and precipitation have been extensively studied in North America (e.g., [36] [37] [38] [39] ). AMO describes the temporal variability of Atlantic Ocean surface temperatures in the Northern Hemisphere. This positive correlation suggests that, when Atlantic surface water temperatures are above normal (positive anomaly), maximum and minimum temperatures during winter in Quebec increase, likely as a result of energy transfer from the ocean to the North American continent. As far as AO is concerned, its influence on temperature, precipitation and streamflow in rivers in the northeastern part of North America has already been described by [6] . According to these authors, this influence in eastern Canada is due to the fact that when this index is in a positive phase in winter, temperatures are below normal (negative correlation) due to stronger polar air in the region.
However, the influence of this climate index does not seem to affect the whole south shore (eastern and southeast regions) of the St. Lawrence River. As regards total winter rain, they show a better negative correlation with PDO in the eastern region, but a positive correlation with AO in the southeast region. This latter positive correlation goes against the explanation proposed by Kingston et al. [6] . Finally, PDO is the only climate index that shows a better negative correlation with the total amount of snow in all three hydroclimate regions. Brown [10] observed a strong negative correlation between PDO and the total duration of snow cover in the fall in the western part of southern Quebec. The climate impacts of PDO have been analyzed at the global scale by Mantua and Hare [40] , according to whom "many of the climate anomalies associated with PDO are broadly similar to those connected with ENSO variation". Thus, in the North American Great Lakes region (including Quebec), the positive (warm) phase of PDO coincides with negative precipitation anomalies, which accounts for the negative correlation observed between amount of snow and PDO in the three Quebec hydroclimate regions. This negative correlation is also observed between El Niño events and winter precipitation in Quebec, among other places (e.g., [11] [12] [13] [14] 17] ). According to Shabbar [12] , "during El Niño winters, the polar jet stream over northeastern Canada (including Quebec) keeps the Arctic air mass over the high Artic and northeastern Arctic, resulting in colder-than-normal and drier-than-normal winters".
As far as changes in the correlation between climate indices and climate variables are concerned, the copula method showed that this correlation did not change significantly over time despite a change in air mass circulation in Quebec observed during the 1980s [10] . However, for four of the stations analyzed, there is a significant change in the correlation between climate indices and climate variables. This change, however, which is generally characterized by an increase in coefficient of correlation values, predates the 1980s decade, and its causes have not been elucidated because human factors (different measurement devices, operators, measurement sites, etc.) cannot be called upon to explain them.
In summary, the study highlights the fact that PDO is the only climate index that influences the amount of snow in winter throughout Quebec, although the climate mechanisms that account for this influence remain unclear. At the scale of the province, temperatures and the total amount of rain in winter are not correlated with the same climate indices.
